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ABSTRACT

A new Laser Ranging System with a dual purpose capability :
Tunar and satellites, is being discussed to substitute the present
Nd/YAG System at Wettzell. The description of the conceptual design
of this system is given in the following.
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THE CONCEPT OF A NEW WETTZELL LASER RANGING
SYSTEM WITH DUAL-PURPOSE CAPABILITY

Introduction

Some efforts have been made in the past towards Lunar Laser
Ranging [1] by the group** acting within the Sonderforschungs-

bereich 78 - Satellitengeodidsie.

MEMBER of the Sonderforschungsbereich 78 (SFB 78)

Satellitengeoddsie of the Technische Universitdt Miinchen

o a} Institut flir Astronomische und Physikalische Gecddsie
der Technischen Universitit Minchen
b) Institut fir Angewandte Geoddsie in Frankfurt am Main

¢) Deutsches Geoddtisches Forschungsinstitut (abt. I) in
Minchen

d} Bayerische Kommission fir die Internationale Erdmessung
der Bayerischen Akadenlie der Wissenschaften in Miinchen,

e), Geoddtisches Institut der Universitédt Bonn -



315,

A recent hardware analysis showed clearly that the Satellite
Lasey Ranging System designed in 1974 and operated since 1977

at Wettzell will no longer be suitable for performing operational
ranging to the moon, in the manner necessary to meet the require-
ments of the programme for Establishment and Maintenance of a
Conventional Terrestrial Reference System (Cotes) defined jointly
by the IAG and IAU [2].

The new concept mainly worked out by the authors together

with Dr. Greene (NATMAP) and Dr. Wilson (IfAG) foresees that the
new Wettzell Laser Ranging System (WLRS) would have the capabi-
lity of tracking different reflectors on the moon as well as
geodynamic satellites such as LAGEOS and STARLETTE.

The design for the WLRS requires the following features:

a) ranging to lunar retroreflectors with a 20 minute normal

point precision of 5 cm.

b) ranging to LAGEOS with an RMS error of less then 3 cm

cver 1 minute, day or night.
c) a capability of measuring to terrestrial targets.

d) sub-system modularity to allow upwards compatibility

with new technology.

e) totally identical systems for ranging to lunar or satel-
lites targets.

f) minimisation of the level of technology reguired to dia-
gnose and repair faults.

g) real-time calibration of the ranging system.

h) rapid (less than 10 minutes) changeover from lunar to

satellite laser ranging.

i) maximum degree of automation in operating calibrating,

testing, and maintaining the system.
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The WLRS~concept

The design concept for the WLRS is shown in Figure 1. It is
similar to the NATMAP Lunar Laser Ranging System (NLRS)

design [3].

The system will have a day/night satellite capability with the
required precision, and shall be able to convert rapidly to LLR,

The measurement procedure should be identical for SLR and LLR,
allowing comparisons of the data and results without a con-

cern for systematic errors between measurement systems.

Telescope \

The telescope system would have the following characteristics:
a) minimum aperture of 75 cm - clear

b) common full-aperture for transmit and receive optics

¢) identical optics for transmit and receiver and guiding

d) a mechanical mount pointing error of less than 2 arc

seconds referred to the transmitting aperture

e) adequate tracking and acceleration speeds for low satel-
lites

f) high optical guality Coudé path

g) high precision servo control system to allow pointing
errors (servo only) of < 0.5 arc second and track rate

errors of < 0.25 arc sec/sec
h} mount configuration: ALT/AZ

i) mount position readout precision of better than 1.0 arc

second RMS on both axes

j) a field of wview, unvignetted, at the Coudé room entry

port, of 3 to 5 arc minutes
k} total hemispheric sky coverage

1) minicomputer control of servo system



m) transmission efficiency of 10% from Coudé& room entry

port {similarly for receiving)
) simple adjustment facilities
o) prevention of condensation on the optical parts
. o o)
o} elevation range ~5° to 185

qg) operating conditions in temperature of -20° to 40° ¢

and up to 95% humidity.

Telescope and mount should be computer controlled, and they
should be connected via a Coudé path to the guiding station,
T/R-system, laser, and receiver placed in a controlled
environment.

Guiding System

The prime data acquisition mode is planned to be final the
absolute guiding mode. However, other guiding systems are
necessary for development of the absolute guiding capability
as well as for backup, system diagnostics, and real-time

checking of the system's optical parameters.

The WLRS proposed guiding systems consist of

a) a wide~field finder TV mounted on a small (10 cm) auxil-~
liary telescope. This system can also be mounted at the

Cassegrain position, with a smaller field of view.

b) an eyepiece placed at a guiding station in the Coudé
room (field of view 5 arc min).

¢c) a TV imaging system placed in the guiding station to
allow electronic image enhancement for manual guiding.

£
s

star tracking svstem {eg. guadrant detector) placed at

the guiding station alsoc.

The guiding station concept is shown in figure 2. The eye-
piece is always available for use. The beamsplitter is used
to optically switch between star tracking system and TV

(lunar tracking).
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The WLRS would initially become operational with manual gui~
ding for LLR from the guide station. Absoclute guiding should
be possible as soon as the mount model is improved to give an

RMS error overall of less than 4 arc seconds.

T/R-Switching System and Receiver System

The requirement for a transmit/receive switching system
{(T/R} arises because common optics would be used for trans-
mitting and receiving. The requirements for the transmit/
receive switching system (T/R) are:

a) to connect the Coudé path to the laser during time of fire.

b) to connect the Coudé path to the receiver at the time of
expected returns.

¢} high efficiency in the transmitting and receiving mode.
d) to operate at high laser pulse rate of max. 10 Hz.

Filters for the receiver will be employed between the T/R

and the receiver

e} suitable spacial filters.

£} suitable spectral filters.

The receiver system should consist of

a) a suitable photomultiplier (RCA 8850 or MCP/Micro Channel
Plate) and

b} a matched preamplifier and discriminator.

Laser

A Quantel NA:YAG Laser, Model VG 402 DP, would be chosen. This
Laser can work in the following 4 modes:

y Mode 1 Mode 2 Mode 3 Mode 4
No. of pulses/shot i 4 8 1
Pulse width 100 ps 50-250 ps 50-250 ps 3 ns

Pulse spacing - 8 ns 8 ns -



Mode 1 Mode 2 Mode 3 Mode 4

fulee energy 100 mJ 250 mJ 350 mJ 350 mJ
Mean Power T W 2,5 W 3,5 W 3,5 W
Further parameters:

Pulse repetition rate 0.3 - 10 Hz

Wave length 532 nm

Beam diameter 9,5 mm

Beam divergence < 0.7 mrad

The single pulse (mode 1) would be used for SLR. The other
3 modes are for LLR. It is expected that mode 3 would be the
most freguently used when the WLRS is in its final confi-

guration.

Timing System

Reference to UTC within 0.1 us (1 pps) and a stable 5 MHz-
reference~frequency (H-Maser) is available from the existing
timing system of the station. The internal timing system of
the Laser should be driven and synchronized by the time
system of the station. The epoch of Laser ranging eventsg is
determined by combining a real time determination of UTC
(accurate to 0.7 us) with a relative determination using time

interval techniques (+ 100 ps).
The system would have the following components:

a) time interval counters for multiple~event-counting
(+ 125 ps; Le Croy time interval unit) or the new high
resolution {(+ 20 ps) Le Croy TDC if available.

b) time interval counter (HP 5370B) for calibration.

Software

The following software components are foreseen:

a) SLR prediction software, for the generation of telescope
point angles and range predictions for satellite ranging,

based on daily IRV inputs.
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b) LLR prediction software, for the generation of telescope
point angles and range predictions for lunar ranging,

based on a lunar ephemeris.

¢} A real-time laser ranging programme for the acquisition of
lunar and satellite range data.

d} Pre-processing software to produce quick-look data files
to GSFC specification, and full rate data magnetic tape

for analysis and archiving.

e) Software drivers for all devices to be interfaced to the
main computer (CAMAC-CRATE, Telescope- and Dome Control
System, T/R and Receiver, Timing Range Gate and Range Win-

dow electronics).

) Stand-alone diagnostic programs for each interfaced device,
to allow testing of individual devices, interfaces, and

drivers.
g} Mount modelling software (option).
h} Calibration software for off-line calibration.

i) Calibration software for simulated ranging, terrestrial
target calibration, differential path calibration, and

real-time calibration whilst ranging (incorporated into c¢)).

j) Software aids for system alignment, laser monitoring and

testing, weather monitoring.

The software would be installed on a HP-A900 computer system in
order to be compatible with the NATMAP software development.

Electronics

The WLRS control electronics visualised consist of the following

{cf. fig. 1):
a) Laser Ranging Contrcller (LRC).

b) CAMAC Controller and electronic interface to HP-AS00

computer.

¢) Guiding system electronic interface to HP-A900 computer.
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d) Telescope system electronic interface to HP-A900 computer.

&} T/R control system and electronic interface to HP-A300
computer.

f) Dome control system and electronic interface to HP-AS00

computer.

g) Timing system for laser ranging, including electronic
interface to HP-AS00 computer.

h) Wideband signal processing electronics.

The electronics for the WLRS should be designed and constructed
to operate in cohesive and integrated fashion so as to allow
software control and monitoring of the entire laser ranging

pProcess.

The major electronics sub-systems are shown .in figure 1, WLRS
OVERVIEW. In this figure, the receiver system incorporates
the active spectral filter control, the telescope system in-
cludes the dome control and interface, the signal processing
electronics are distributed between the CAMAC system and the
LRC, and the ranging timing system between the LRC and the
CAMAG system.
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GUIDING STATION CONCEPT
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ABSTRACT

The transportable Taser ranging system (TLRS-3) has been desi-
gned to take advantage of the latest developments in satellite ran-
ging instrumentation and techniques. Satellite returns at the single
photo-electron level are detected from low power laser light trans-
mitted trough a compactly designed mount. Modular construction effi-
ciently integrates the computer system, with terminal entry, disc
sotrage and graphic display and a time transfer system driving a pre-
cise fregquency standard. Station, star and satellite acquisition data
are read from floppy discs, which can also be used as the final medium
for shipping the ranging data. An azimuth/elevation tracking mount can
be calibrated from visual observations of automatically selected stars.
A singlte shot rms noise level of a few centimeters is observed on satel-
lite at a return data interval around one second. The light-weight sys-
tem consumes little power and requires no more than two operators for a
normal satellite tracking shift.
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THE TRAWMSPORTABLE LASER RANGING SYSTEM MARK IILI

The transportable laser ranging system (TLRS-3) has
been designed to take advantage of the latest developments
in satellite ranging iastrumentation and techniques. Its
architecture is based on that of TLRS-2, which has
gsuccessfully completed campaigns in Greenbelt In 1982 and on
FEaster 1Island and Otay Mountain in 1983, and is now making
measurements at other normally inaccessible and undeveloped
sites., Collocation tests have demonstrated agreement
between the ranging observations taken by the transportable
machines and high power laser systems at the centimeter
level. A single shot r.m.s. noise level of a few
cantimeters is observed on satellite ranges at a return data
interval around one second. Mount pointing repeatability of
a few seconds of arc can be maintained during an occupation

peried of several weeks.

Satellite returns at the single photo-electron level
are detected from low power laser light transmitted through
a compactly designed mount. The modular construction
efficiently integrates the computer system, with terminal
entry, disc storage and graphic display and a time transfer
system driving a precise frequency standard. Station, star
and satellite acquisition data are read from floppy discs,
which can also be used as the final medium for shipping the
ranging data. An azimuth/elevation tracking mount can be
calibrated from visual observations of automatically
selected stars. During the satellite pass, a three-level
interrupt sequence coordinates the computer”’s system
control, prediction and data recording functions. The
light~weight system consumes little power and requires no
more than two operators for a normal satellite tracking

shift.
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In the configuration shown, the laser is mounted in
its shipping container above the rack to the right, which
contains the chiller and power supply, with the optical path
folded within the central case which also covers the
pedestal. Below the mount in the central rack, the
microprocessor with disc storage units and the ranging and
mount control electronics are housed. The console panel
includes a small graphlcs dlsplay screen, digital readout
devices and control switches. A timing system is mounted in

the third unit.
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TRACKING MOUNT

A 280 mm. aperture optical telescope with mnear
diffraction limited optics and £/10 focal ratio is mounted
off the axis of an azimuth elevation wmount to give a common
transmit/receive path for the light signal. A mirror within
the telescope deflects the light path along the elevation
axis and into the mount support where 2 second mirror turns
the path down the azimuth axis. The mount 1s positiened
with motor/tachometer/inductosyn encoder assenblies for
azimuth and elevation control. A mirror inside the
pedestal, rotated by a motor synchronized with the laser
firing sequence, deflects the transmitted signal wup the
azimuth axis, after 1t has been sampled with a pellicle

mounted in the herizontal path of the laser output.

e r The modified Schmidt-Cassegrain

telescope 1is sectiomned 1in this

illutration.

A dual—bearing mount allows easy

alignment of the optical system.

The pedestal tripod is constructed

from aluminum weldments.




A master oscillator provides primary timing aignals at
¥ HHz, I MRz and 1 ppe to s wmoedule which distributes
Freguency and pu;se infeormation throughout the system. The
diffarence between the system 1 pps clock and a GF5 receiver
i5 used to establish epoch time to within one microsecond of

a master clock.

LASER SYSTEHM

The transmitter consists of a passively mode~locked
Neodynium-YAG laser with a pulse slicer and double—-pass
amplifier. The fundamental frequency of 1062 nm. is doubled
toe produce green l1light =at 10 pulses per second. The
transmitter is supported by capacitor banks, a control unit,
power supply and a cooler carrying deionized water to

dissipate heat generated by the flash lamps and laser rods.
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SERVO AND SYSTEM CONTROL

The central control sytem uses a 20 pps interrupt
timing signal from the frequency and pulse distribution
module to position the optical axis of the tracking mount.
Angle error commands are received from the computer through
a digital—-to-analog converter and compared with shaft
encoder position signals. The correct speed and direction
of travel for the azimuth and elevation motors can then be

specified to the servo amplifiers.

TRANSMIT/RECEIVE DETECTORS

A laser monitor diode triggers a start pulse when it
detects the 1light transmitted through a dichroic mirror
placed in the optical path of the laser transmitter. The
green light reflected by the dichroic mirror passes through
a negative laser coupling lens before the rotating mirror
reflects it inte the tracking optics. The received laser
pulse 1s detected by a photonmultiplier and arrives at the
PMT distribution wunit after the start pulse. Constant
fraction discriminators separately shape the start and stop

pulses which are transmitted to the ranging system.

RANGING SYSTEM

The range measurement system 1s driven by the system
10 pps interrupt signal and consists of a multichannel 50
picosecond resolution time interval counter. A common start
signal 1is received from the transmit discriminator and up to
seven separate signals may be accepted from the recelver
diseriminator in any measurement cycle. In addition, the
ranging system measures the amplitude of each individual
start or stop signal as well as the epoch time of the start
signal and the mean background rate (the number of noise

photo electrons/sec).
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COMPUTER SUBSYSTEM

The computer communicates with the other

330.

subsystems &

yhyough a CAMAC dataway. Control and service voutines are

driven by hardware~generated interrupts in foreground.

Trazjectory computation is performed as a background task,

with display and dats recording scheduled for execution by

forcground routines. Computer peripheral input/output

operations are controlled asynchronously.

A numerical integration scheme is used to compule the

orbit for a satellite pass based on a power series

representation,. The travel time for a particular laser

pulse and the range gate window needed to accurately measure

the veturn tiwme is predicted, &s well as the pointing angle

required to place the target within the laser

computer system also operates 1nm a star trackiuag

beam. The

mode for

mount error calibration and computes cable delay corrections

from both internal and external targets, A ranging analysis

software package allows on—-site analysis of data for gquality

control and a comprehensive set of diagnostic

support the field operation.
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THRACKING OPERATICH

Passive star calibration and active ground and
gatellite ranging are conducited under computier control. A
console panel allows operator tuning of each mode of
operation based on information dispiayed on the screen, and
contains switches to initiate the required mode. Angle
biases can be applied to star observétions to derive a mount
ervror model, and to compensate for any target position
errorse during tracking. The dominant satellite positioning
error is along the orbit track and {is compensated by
applying a bias to the epoch of the laser pulse”s predicted
travel time. In the i1llustration, range residuals to a

gatellite with a small along-track orbit prediction error

are shown on the screen.
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The details of each transmitted pulse are recorded
together with enocugh data on the returmns to properly monitor
system performance. Automatically recorded measurements of
the pressure, temperature, and relative humidity at the site
accompany the tracking data to allow the measuremeants to

yield their intrinsic accuracy at the centimeter level.
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ABSTRACT

The Transportable Laser Ranging System Mark II has been designed for
accurate satellite tracking operations with low power consumption. The per-
formance of the system can be regularly monitored with software which also
provides on site capability to assess data quality and to confirm that the
system is working at the single photoelectron return level. This short re-
port briefly describes the software suite and illustrates the date quality
assessment procedure for satellite and ground target observations.
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THE SOFTWARE SYSTEM FOR TLRS 1I

The Transportable Laser Ranging System Mark Il is a
new type of highly mobile laser gatellite tracking system.
It is designed for rapid deployment to normally inaccessible
and undeveloped sites within the laser network operated as
part of the Goddard Space Flight Center Crustal Dynamics
Project. The system 1is packaged in shipping contailners
which will fit in the cargo holds of normal passenger jet
airlines, and emphasises modular construction and low power
requirements, A single photoelectron system vreceives
returns on seven channels through a 25 cm. aperture
refractive optical system from a passively modelocked,

frequency doubled Nd:Yag laser transmitter.

System control, polnting, data recording and post-
flight data analysis 1is accomplished with a CAMAC packaged
microprocessor. The principal interfaces for the software
suite are shown in Figure 1, and the three functioans of
calibration, operation and support are categorized. An
overview of the Real-Time operating system 1is presented in
Figure 2, which also provides detalls of the hardware
configuration., A flow chart of the main control routine for
real-time operation is given in Figure 3 and indicates the
procedure by which the system is prepared for satellite

acquisition or star tracking for mount calibration.

The instrument has completed successful campaigns at
Greenbelt, Maryland, Easter Island, Otay Mountain and Cabo
San Lucas, Mexico. The capabilities of the on-site data

snalysis software have helped to control data quality and to

indicate occasional system malfunctions. The performance of
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the post—flight analysis software 1is the focus of this

report and is illustrated in Figures 4, 5 and 6.

The post—flight recontruction of the real—-time screen
display for a pass of LAGEOS taken at Cabo 8San Lucas 1in
Maureh 1983 1is shown in Figure 4. The vertical scale has
heen set to 50 nanoseconds in rvound-trip flight time to show
the nolse level of the returans, although the range gate
actually used for acquisition was one microsecond. The
horizontal scale is in seconds from the predicted point of
¢lesest approach and the pattern of returns 1is caused by
orbit prediction error which in this case amounts to a few
meters. The increased background noise visible as the pass
progresses 1s caused by the occurrence of sunrise. The
histoegram of returns shown to the rtight of the screen
display 1is redundandant 1in this reconstruction and the
statistics listed below the histogram apply td all of the
information on the screens Options to display quicklook
data, to fit low ofder polynomials to selected points,
change plot scales and redefine plotting variables are
available to the operator as part of the gquality control

procedure.

In Figure 5, three consecutive screen displays are
shown to illustrate the sequence used by the operator Lo
assess the data quality. A low order polynomial is fitted
to the screen pattern to produce a symmetrical histogram of
returns. Although manual editing capability 1is available,
in this example, automatic editing based on the observed
noise level of the data was applied to produce the final

display of acceptable returns. The noise level of 487

vy e 2

i

wrements taken from all channels of the recelver system
Q

amounted 10.4 centimetersS. This is higher than expected
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and is partly due to the application of nominal interpolator

scale factors to each of the channels.

The screen display of Figure 6 shows reluras detected
in a single channel from three sepavate horizontal
targets. The noise level is 5.7 em for 588 obhservatlions,
which is close to nominal for the systewm, but will include
some survey ecrror for the targets at the centimeter level.
The horizontal target calibration establishes the system
delay at 4.93 m. and this value was maintained consistently
throughout the occupation. Figure 6 also shows a plot of
range against return power amplitude to establish that the
system 1s operating at the single photon level for which it
was designed, and which corrvesponds to about 60 units on the
horizontal scale. A histogram of returns as a function of
return power is also shown and exhibits a Poisson
distribution with peaks at the multiple photoelectron

levels.

The TLRS-2 quality control software has been found to
efficiently indicate any aberrations in the system which
might lead to adjustments to improve the performance of the
laser, the discriminators or the operating power level. It
has efficiently assisted the operators in their efforts to

maintain the accuracy of this new transportable instrument.
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FIGURE 4. RECONSTRUCTION OF A LAGEQS PASS
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ABSTRACT

This paper reviews the software and firmware which has been developed to
date for the Modular Transportable Laser Ranging System (MTLRS). Four major
tasks are identified some of which involve real time communication with the
system hardware. One of the main characteristics of the overall system design
is the separation of the computer hardware into three independent but mutually
cooperating microprocessors. Consequently the software and firmware package of
MTLRS has a modular design.



1. introduction

The computer configuration of the Modular Transportable Laser Ranging System
(MTLRS) is primarily characterized by the depluy:nent of three microprocessors: an
HP 1080 L. main processor and two Motorola M6809 slave processors. The main
processor together with its peripherals can be used stand-alone for any computing
task, whereas the real time utilization of the total ranging system also involves the
two slave processors, each addressing an independent task.

Therefore the software designed for MTLRS always involves the main processor and
only in some cases requires the use of the two siave processors.

Due to the limited memaory capacity of the main processor and of the external
storage devices, the tolal amount of software developed for the systom is sepuaraled
into four major tasks, each requiring an individual bootstrap loading of the operating

system.
2. The hardware configuration

The computer configuration (figure 1) comprises one HP 1000 L model 5> 16-bit
rnicrosystem and two Moto-mla 8-bit microcomputer systems.
The HP 1000 computer or main processor has 128 Kbytes of RAM at its disposal for
the operating system and the real time programs. The data communication with the
two diskette units and the two Motorola microsystems is established through two
IEEE-488 interfaces. An HP 2623 graphics terminal with an internal hardcopy unit
functions as system conscle. Support for data communication over public telephone
lines is feasible by a Silent 700 terminal with 20 Kbytes of bubble memory and
acoustic coupler. All programs are executing under control of the disc based RTE-XL.
cperating system.
The two Motorola microcomputer systems, i.e. the predictor processor and the
formatter processor, are slaved to the main processor. Each of the processors
comprises one 5 MHz microcomputer board based on an M680% MPU, one IEEE-488
listener/talker i/o board with two additional 8-bit PIA's (parallel interface adapter)
providing for interprocessor and MTLRS electronics data i/o. A memory board with
16 Kbytes of RAM installed, is available to each of the slaves and is used for real
' time program data storage. An APU (arithmetic processing unit) board based on an
AMD 9511 is attached Lo the predictor processor and an additional IEEE-488 listener/
talker board is modified to provide for the controller function of the data communic-

ation link between the formatter processor and the two HP 5370 range counters.

43.
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The real time programs of the slave processors are supported by a selfmade
aperating system. The operating system as well as the real time programs are

installed in ERPROM.
%, Tha real Uime software system

The MTLRS is controlied by three cooperating rnicroprocessor based cornputer
systems. Each processor hosts a task, executing a well defined function to achieve a
minimum of interaction between the processors. These three functions can be
described as:

- final prediction and correction of the direction and the speed of movement of

the optical axis of the telescope,

= collection and formatting of the observational data into a compact data format,
- data acquisition during and control of the observational activities.

The first two functions are performed by the predictor and the formatter processor
respectively while the last one is carried out by the main processor because of its
complexity and variety cencerning data handling. The predictor as well as the
formatter task are programmed in assembler to meet the requirements of time
dependency during real time operation whereas the task of the main processor has
been established in Fortran IV. For overall synchronization of the different
processors, the start-up procedure and the observational activities have been broken
down into several levels, each of them representing a certain state of operation. A
change of state is mainly caused by a binary command string from the main
processor's monitor program to the predictor and formatter processors, but also by
the detection of a certain condition by either processor. At all times both slave
processors notify the monitor program about a change of state, while during the real
time operation also the predictor and formatter processors interchange state
information. In this section the major states of operation of both the predictor

(figure 2) and formatter processor (figure 3) will be discussed in some detail.

Start-up The predictor and formatter processor system command handlers are
entered after power-up, ready to receive a commmand from the main processor's
rnonitor program for system function initiation like memory dump, program loading
and (reat time) program execution. At this level diagnostics may be loaded and
exectited.

On behalf of the observalional activities the real time predictor and formatter

programs residing in EPROM are started by the monitor program. Both programs



examnine all the communication links they are going to use, reset the encoders of
both the teiescope's axes as well as the range counters after which they

automatically proceed to the next state.

Session idle The session idle state is defined as a resting-point for both the
predictor and formatter real time programs to allow off-line operation of the main
processor.

At this level there is no interaction with the MTLRS guiding and detection system
and between both slave processors. Far future use, functions like telescope encader
readings and time synchronization of the main processor may be added to the

predictor and formatter programs, callable by monitor user commands.

To leave the session idle state, the monitor program may issue a user command Lo :

return to the processor systemn command handler or to proceed to the session initiate

state for the execution of a series of observational activities.

Session initiate All data transfers between the main processor and the slave

processors will be performed under interrupt control from this state onwards to
guarantee that the 10 Hz operation rate of the predictor and the formatter programs
will not be disturbed.

After receipt of the initiation command by both slaves, the predictor program
receives a set of equally spaced topocentric predictions from the manitor program.
The predictions are to be used for target tracking (satellite path) or fixed target
pointing (ground targets), the latter one mostly being time independent. In the case
of time independent pointing the movement from one target to another is performed
under monitor command. Optionally the directional mode of observation may be
chosen instead of the ranging mode.

To maintain azimuth angle accuracy of tracking predictions at higher elevation, the
predictor program defines separate coordinate systems for adjacent groups of four
satellite points utilized during real time 3rd degree interpolation.

Concurrently the formatter program optionally initializes the two range counters and
prepares observational data formatting. Before entering the session active state the
predictor and formatter program synchronize for the first 0.1 second observation

cycle, as will be described in the next section.

Session active Three major tasks have to be performed during a 0.1 second

observation cycle, i.e.

~  calculation and correction of a prediction,
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- synchronization of the predictor processor and the formatter processor,

- furinatting of the observational data records,

The prediction calculation and correction task s carried out by the predictor
program. The predictor program subsequently passes throigh three substates during
the session active state, The first one is the prediction ready state while it waits for
the first prediction epech. 1t remains in the prediction valid state until the last
prediciion epoch is encountered, whereafter the prediction exhausted state is
entered. In the prediction ready state the telescope's direction is moved to the first
predicted point, being a satellite position or a ground target. The prediction valid
state comprehends either the selection of a pointing prediction or the interpolation
of a tracking prediction and the correction of that prediction, to be used for the next
observation cycle. While in the prediction exhausted state, telescope pointing in the
direction of the last calculated position is maintained.

The predictor and the formatter programs synchronize every 0.1 second observation
cycle, by using the well defined epoch whereupon the mount positioner accepts a
prediction message from the prediction program. The predictor program then
transmits a synchronization message, including the current prediction to the
formatter program and in turn receives a message from the formatier program

containing the corrections to be applied to the next prediction.

The formatting of the observalional data records is performed by the formatter
program. The cbservational data is received from the multiplexor and one of the two
range counters which are alternatingly used every 0.1 observation cycle. Three
different types of B byte records may repeatedly appear in an observation message,
i.e. the time record, the direction record and the cbservation record.

The time record contains the absolute epoch and appears every 25.6 seconds in the
stream of observation messages. Every 1.6 seconds the current elevation and azimuth
of the telescope are formatted into a direction record. If a successful observation is
detected, an observation record is formatted, including time fractions of the laser
firing epoch, the simultaneous calibration and the range count. Because the MTLRS
can be utilized for direction observations, the observation record may contain
szimuth and elevation angles instead of ranging data. Both the direction and the
observation record contain unambiguous time offsets of their epoch. Every 1.6
seconds, the currently formatted observation message, together with an optional
multiple-stop timer message are submilted to the interrupt system for transmission
to the main processor.

Calibration mode of ranging may be selected during the whole session active state
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with either the telescope being directed to a predefined point o with the telescope
continuing to point or track. The session active state may be terminated at all times
by user command to the predictor program whereafter both the predictor and

formattier programs return to their respective walt state.
4, Task 1: Site Installation

Mobile laser ranging inveolves frequent moves of a laser ranging system between site

locations. Before the actual ranging can start upon arrival at a new site, a variety of

activities has to be performed, such as orientation, a lignments, system checks, ete,

Some of these activities allow automation especially if they involve data taking

utilising the system, data reduction or dala storage. A software system has been

designed combining the computer aided installation activities in one task (figure 4).

This task is made up of four subtasks:

a. the astronomical orientation of the telescope mount axes together with the
determination of astronomical latitude and longitude,

h. the positioning of the mount relative to local markers,

¢. the initialization of terrestrial range targets and finally

d. the recording of c:iataﬁ and results obtained from these subtasks on selected

external storage devices.

Geodetic astronomy A high accuracy orientation is required for tracking a

predicted satellite orbit with a laserbeam of 10 arcsec. minimum divergence.
Therefore this subtask first determines the orientation of both the azimuth and
elevation ‘encoder system in an astronomical reference frame. Since, the reach of
hand paddle corrections in elevation and azimuth in tracking maode is limited to
+0.127 degrees, the orientation is obtained in two steps.

An initial azirmuth orientation is determined from star observations in static pointing
mode, manually operating the mount positioner. Subsequently accurate azirnuth and
elevation orientations are obtained observing optimally selected meridian stars in
tracking mode, making full use of the computer controlled systems for mount
positioning and data recording. The data reduction results are tested statisticaily and
if these results are not accepted, the observational procedure is re-scheduled

immediately.

If the orientation is satisfactory the subtask secondly determines astronomical

latitude and longitude simuitaneously, by observing zenith distances of optimally
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selected ex-meridian stars in tracking mode.
Latitude and longitude are required Lo obtain baseline corrections in g global
reference frame from locally obtained eccentric positions of the syslem, as well as

for proper transformation of predicted satellite positions to topocentric coordinates.

Survey local markers This second subtask determines the position of the telescope

mount relative to a number of survey markers available on the site pad. A positioning
device is utilised to obtain azimuth and elevation readings to these markers,
employing the computer controlled mount-positioning system and data recording
system. If four or five optimally arranged markers are observed (Vermaat and Van
Gelder, 1983) the positioning of the ranging system can be obtained with sub-

millimeter precision from a specially designed data reduction method (Vermaat,
1984).

Initialize range targets If terrestrial range targets are going to be observed in a

lateration mode, these targets will be identified in the third subtask. This very
simple process invelves manual pointing at a target utilising the mount-positioning
system and the subsequent reading and recording of the telescope position under
computer control. This in&tiai identification facilitates the ranging to any of these

targets employing the ranging task and the real time software system.

Finish the installation task OK-bits identifying each of the previously described

subtasks will be set as soon as the particuiar subtask has been completed
satisfactorily. If all OK-bits are set, i.e. if the complete installation task has
produced acceptable results, the present termination subtask will perform a specific
process of data storage. First, all observations obtained during any of the previous
subtasks will be stored in a uniquely identified site log file on a specific data
diskette. This enables the reconstruction of the complete installation task at any
time, using the original observations. Subsequently, site identification parameters
such as site number and occupation number together with the results from the
installation process, e.g. astronomical latitude and longitude, the baseline correction
vector, ete., will be stored on the system diskettes of ail subsequent tasks. Thisg

procedure safeguards these subsequent tasks against the use of wrong site dependent
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data and requires each of these subsequent tasks te start with a check on the identity

of the current site.

5. Task 2: Satellite prediction

Satellite ephemerides must be available in the form of inertial state vectors
(comprising position and velocity components) at an epoch close to the rise time of
the satellite for a particular site. Thus each satellite pass for a site requires one
state vector. These state vectors can be obtained from any established method of
orbital prediction, performed by the authority responsible for the deployment of the
systern. To facilitate the use of any available data communication method, the state

vectors are required in an ASCII-character format.
The task performing the satellite prediction comprises two subtasks: the re-
formatting of newly received ephemerides and the actual prediction of individual

satellite passes (figure 5).

Processing of new ephemerides This subtask checks the ASClI-character input data

for transmission errors and subsequently re-formats the data into a compact binary
internal format. This binary format allows efficient use of storage space on diskette

as well as efficient access to the data by the prediction software.

Pass prediction This subtask performs a numerical integration of the satellite pass

from the input state vector over the time-span of visibility at the site. Due to the
iimited time-span a very simplified force model can be employed for the equations of
motion. The parameters for the integration have been tuned to minimise computing
time on the HP-1000 L processor and to maintain the excellent prediction capability
of the laser geodynamics satellite LAGEOS, utilising input state vectors derived
from ephemerides provided by the Center for Space Research of the University of
Texas (Schutz, et al., 1981). The software produces topocentric sateilite positions at
a satsllite dependent constant tirne spacing. This time spacing has been tuned to the
real time 3rd degree interpolator in the prediction processor. The predictions are

stored in a binary format in data files on a prediction diskette, and are thus readily

" avallable for the ranging task.

At the hardcopy unit of the HP 2623 A graphics terminal an alert list is produced,

summarizing the rise- and set times of the satellite in the predicted period.

[
Y
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6. Task 3: Ranging

The ranging task (figure &) employs several programs, sorme of them may be called
optionally, e.g. to update ranging parameters, others are necessary during ranging
and are designed to reduce delay times of data transmission. The real time ranging
activities are executed by three programs, i.e. the range program, the alarm program
and the disk program. The overall control of the ranging activities is performed by
the range program, which schedules the alarm and disk programs to become memory
resident before real time operation. The alarm program is scheduled on a time
interval basis. It repeatedly polls the predictor and formatter processors for pending
data messages, which it routes to the range program. The disk program is reactivated
by the range program every time the observation buffer is filled with observational
data to be recorded on diskette.

The range program initiates the abservation activities selecting a set of predictions
from diskette, prepared in the previous task. The predictions are sent to the
predictor processor and are aiso recorded on the observation diskette for use in the
data evaluation task. The calibration maode of ranging is selected when the predictor
and formatter program indicate their readiness for pre-calibration. Because
calibrations are taken usin;] a prism mounted to the front end of the telescope, the
direction of the telescope is moved to a predefined point to eliminate effects caused
by the possibly inhomogeneous wave front of the laser heam. When sufficient
calibration observations have been collected, satellite ranging mode is turned on and
tracking is automatically started on the first satellite prediction epoch. During
satellite ranging, the multiple-stop timer counts, four of every 0.1 second
observation cycle are displayed on the system console to aid in optimizing the
prediction corrections. Six different corrections are possible during tracking, i.e.
time-, cross track-, azimuth-, elevation-, range gate delay- and window correction.
A histogram of the simultaneous calibration provides a permanent indication of the
stability of the system. After pass termination and post-calibration all observational

data is available on the observation disketie for data evaluation.
1. Task 42 Data evaluation

Processing of observed data Reliable deployment of mobile satellite laser ranging

equipment calls for the availability of a method of data evaluation on-site. This
method must basically aim at:

a. the determination of the noise level of satellite data and the search for outliers,
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b. the validation of system performance,

¢. the updating of orbital parameters.

The software designed to meet these requirements for MTLRS (figure 7} initially
produces range residuals, l.e. the differences betwuen observed and predicted ranges.
These residuals are displayed on the HP 2623 A graphics terminal, facilitating the
visual recognition of the sateliite ranges among noise data. Optionally a range
window can he defined about the predicted ranges by selecting a time- and range blas
and a window size. All residuals oulside this window will be flagged for rejection.
This simple technique of editing enables the elimination of a large portion of the
noise data facilitating the subsequent analysis, especially at a high level of noise
data. The accepted range residuals are then subjected to a curve fitting utilizing
orthogonal polynomials followed by a procedure of iterative statistical testing
(Aardoom, et al. 1982). The resulting residuals are displayed on the graphics terminal
and the range data is flagged according to the result of the tests. This powerful
method of datafiltering automatically discriminates satellite returns from noise
data. Pre- and post calibration data obtained from the optional retro-reflective
calibration mirror at the Lelescope as well as simultaneously obtained calibration
data from the Le Croy counter can be analysed utilising the same filtering technique.
All data editing only effeéts 2-bit flags available in each range record in the data
file, thus no data will be lost or altered and the data-evaluation of each pass of data

can be replayed any number of times.

Accepted residuals define an RMS value which is a measure for the precision of the
obtained ranges. The accepted satellite ranges are also used te evaluate a time- and
a range bias for the particular pass. These biases allow the updating of satellite
predictions for future passes and thus enhance the data acquisition capability of the

system, especially in the case of low satellites.

List data summary This task consists of a procedure for listing a summary of all

data obtained at the current site, enabling the crew to appreciate the progress made

to date.

Select quick-look data A third subtask selects quick-look data from previously

evaluated passes. A selection is made out of all accepted satellite ranges. This data
is corrected for system delay estimated from the processed pre- and post calibration

data.

s
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8. Concluding remarks

The aim Lo build a highly rnobile and field operational satellite laser ranging system
has been realized in the hardware and software of the MTLRS. The MTLRS has
demaonstrated its reliability and quality during the collocation experiment at the
sutellite observatory in Kootwijikc in spring 1984. About 3000 single photo-electron
shagrvations taken with a single shot precision better than 6 cm RMS represent the

normal results of a Lageos pass during clear sky conditions.

The cholce to subdivide the cbservation task inte three subtasks, each of them
executed almost independently by a separate microcomputer has an important
positive impact on the reliability of the MTLRS.

The two relatively small 8-hit Motorola M68B0% microcomputers, hosting the EPROM
resident real time prediction and formatting tasks, provide complete and efficient
control of all time-critical observational activities.

Consequently the third microcomputer, t.e. an HP 1000 L 1é6-bit microsystem with
the RTE-XL operating system, is relieved from the time critical aspects, being teft
with routinely data acquisition during and overall control of the observational
activities. This multi pm&:esmr set-up and consequent modular task design will

facilitate easy future software upgrading.

A software system designed to determine the astronomical orientation of the
telescope mount axes together with the astronomical latitude and longitude has been
used successfully. The scrupulous approach to positioning the mount relative to local
markers has proven its value. The technique deployed to merge site dependent
parameters automatically with all data files produced, enhances the reliability of the
data cutput of the MTL.RS.

State vectors derived from the ephemerides for LLageos, provided by the Center for
Space Research of the University of Texas and utilized in the advanced integration
program of the MTLRS, enable field missions of several months without receiving
prediction updates from the outside world. Time biases to be applied to the epoch of
the state vectors and information to monitor system performance during a mission

are derived from the data evaluation program.
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IN LOG FILE

PASS SITE PAHAMETERS
TO ALL OTHER TASKS

|TASK # 1 READY !

figure 4 Task~1: Diagram of the site installation activities and
the procedure followed to determine the site parameters
by using the MTLRS direction mode of observation.



Subtask
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TasK ¢ 20 SATHLNE & : / AVTVUES

AUN TASK 2 1 FRST !

Subtasks:

v
CHECK AND RE-FOAMAT
ASCE STATE VECTOR FILE

INTD SiNARY EPHEMERIDES FILE

SUMMARIZE STATE VECTORS
PER SATELLITE

PASS PREDICTION
%

REQUEST:  satellte
time blag
time perlod

INTEGRATE EACH PASS
INDIVIDUALLY

%

EVALUATE TIME, ELEVATION,
AZIMUTH AND RANGE
AT FIXED TIME SPACING

STORE PREDICTIONS

1. PHOCESS MEW EPHEMERIDES
2. PASS PREDICTION

integretion stepslze 300 sec
Integration order §
gravity fleld B X 5

spacing A0 sec for LAGEQS
5 sec otherwlse
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figure 5 Task-2 Diagram of the satellite-pass prediction calculation

using specific state vectors supplied for every singie pass.



TASK # 3 HANGING DCY
;i T NT0LERS

SITE PARAMETERS
@ MATCH CURRENT SITE fi> V@

AUN TASK # 1 FIRST ! MODIFY PASS PARAMETERS

v

[DENTIFY REQUESTED PASS

v

LOAD PREDICTIONS

v

INITIALIZE PROCESSOHS
ENTER REAL-TIME MODE :
1. calibration

N 2. satellite ranging
3. terminate

K figure 6 Task-3: Diagram of the satellite ranging activities.
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Task ¢ 4 DATA EVALUATEWN ,
) it
o .

A e TE BARAIAETERG N
b SITE PARARETERS ) ye

:‘3 \MATCH CURRENT SITE 7
e N T
[HUN TASK # 1 FIRGT § l Subtasks:
4. PHOCESS CHSERVED DATA
2. UST DATA SUMMARY
3. SELECT GUICK-LGOK DATA
Subtask
s+ PHOCESS OBSEHVED DATA
—> SCATTER D> BEQUEST: [> PRAOCESS DATA [ DISPLAY RANGE
pLOT ~tlme blas FAOM COUNTERAS: RESIDUALS (0-P)
-range blas ~combined [> FLAG DATA DUTSIDE
~clipping -separately CLIPPING WINDOW
window size
—> SATELLITE [> PADCESS DATA [ PAE- & POST- B> EDITING AND
HANGE DATA FEOM COUNTERS: CALIBAATION AVEAAGING
EVALUATION -comdined DATA FMS ESTIMATION
-geparstely > TOTAL AVERAGFE
2 BATELLIE > CUHVE FITTING AND
DATA EDITING OF NON-FLAGGED
AANGE RESIDUALS
AMS ESTIMATION
TIME- AND HANGE-
BIAS ESTIMATION
~P> SIM. CALIBR, D> EDITING AND
BANGE OATA AVERAGING
EVALUATION AMS ESTIMATION
HISTOGRAM
320 LBT BA@A SiA
PRODUCE HARDCORY SUMMARY OF
ALL PASSES EVALUATED
FOR CURAENT SITE
SUMMARIZING: - # OF ACCEPTED RETURNS

- AMS
- HANGE- AND TIME BIAS

v

ACCUMULATING: - TOTAL TRACKING TIME
PER SATELLITE

3 S&EET{?&@{“%«@%C%{ DATA

SELECT EVERY Nth ACCEPTED SATELLITE RANGE
or aiternacivaly

PRODUCE N HORMAL POINTS FROM ALL ACCEPTED
SATELLITE RANGES

CORRECT FOR CALIBRATED SYSTEM DELAY

RE-FOAMAT TG SAD-33333 FORMAT

figure 7 Task-4: Diagram of the satellite-ranging and calibration
data evaluation and the selection of quick-Took data.
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THE COMPUTER SYSTEM AT MLRS
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ABSTRACT

The MLRS station computer firmware and software are described.

Hardware that directly affects programming is highlighted.
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COMPUTER 3VSTEM

§ intraguniion

ino fellowing cooumsnt Ceaoribes the conpter system of the HcDonald Loser Renging Syslem
{MLRS} which wes constructed hy Tha Universiby of Texas McDonald Obsaryatory under NASA
Comlrect HASW-3296. Tha station 1s looalad abaut 17 miles north of Fort Davls, Texas at longituce
255.9841, gsedalic latiluds 30.5770 b, end altituds 1963.41m. The syslem is a dual purposa
installation designed for both ertificisl sateltiles and Junge lergels. 1 takes sdventege of many of the
Same design used in the 30 em Tromspor teble Laser Renging Systesn {TLRS) constructed earter and
ths techniques dovelopad in the 12 vear oid 2.7 metar unar system about 800 maters GWaY.

2 Funstions Parformad

Lunar and Salsilite Peslilon Bolerimination: The computer must produce an aphemearis In
bath direction end rengs, suitehls for tracking sateilites and luner siles in real Ume during esch
poss, Figure {os). These preprocessed inilial conditions are produced either by integrating from a
tepe of Inter-Renge Veclors (IRVs) {ob) generaled by en outsids compuler (for erlificial
sstollitesy o oy tnleroelly compuating en epieinerts based on eflher an MIT or JPL export luner and
pienetary ephemeris (for the moon) (oc). The preprocessed positions ere produced ot intervals
which are commensursle with tha eppsrent paths of the sateliltes and the moan to the required
tracking preciston

Rogl Time Polnting and Tracking o real time, the computer must perform 61h order
Interpolation of the pointing and renging isbles lo generate rates for the 76 cm lelescops,
Figural aa), snd rangs predictions 1o open ihe receive gate (4b) and interpret the returning pulses
{ac).  Real lime tracking utilizes postlion depencent functions fo correct for {elescope mount
orientotion errors (oe)  The hand petlle (20} io used to input point engle offsets a8 well os time
offsets, the Istter medifying rengs as well es paintengles  The sysiem also responds to 8 number of
Iterlocks and status word inpats. Trecking status, including polnt engles, are displayed on the
Motrox meniter (ae), while error messsges enpear on the sysiem consola (af).

Sotellite pointing and trecking ere eccumplished by reeding the sbselute encoders { ag) threegh the
CAMAC interfeca { sk}, Lunar pointing is gocomplished by visually pointing at known lunar features
&nd then using differential offsels through the incremental encodar CAMAG interfecs { ah).

Stallar Object Trecking: The compuler s able to slew the telescape {o the position of known
stetlar ebjects and begin tracking st steller rates. in this mode the system Is sensitive to position
changas, via the handpeddle { +8), and lo focus commands only. An sbridged version of the FK4 {od)
supplies ster positions, although pesilions may ba enlered manually by the operator (af). Stalier
chssrvations are used to determine the telescope orientation error medel { oa).

Yalasoapa Ssrve System: The baam direstor servo system {a!) is contralied by the NOVA 4X
computer (af} vie o CAMAG Interfece unit {ah). Through the CAMAC unil the computer has
continuous eccess to the positicns of both the ircremental encodor unils (21} and the absolute
encoders (ag) ond Is able to select drive rates on each axis over the full rots capabiity of the
system. As meny s sovaniesn limit switchas crs svailoblo on bolh axis with which the computer
may senss both tha ebserving fimits of tha system as wall as the mechenical stops in sach axis. A
menual hendpetdie (am) s provided to move the besm director indzpendently of the computer
CAMAC system.

&
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Lesar Firing Conirel:  During loser firirg it 15 necessery for the compuler o rotsle the
trensmil-receive switch (an) end the ollenuator to the eppreny iate positlons, calculete the laser
ficlng times, and fira the Jasar {40) at the correst repetilion rate. During firing, the computer
geeesses the correcled returns, coloulnies the residusl error between the ebserved and predicted
flight timas, and disolays the resulls on the scesn {af} for cperator interastion. Calibration dots is
Gutomoticaily recorded end displayed ) durtng tha reat time firing. Al ralavent dala is saved
(2p) for Jater analysis.

Tims of Flight: The time of fiight system (TOF) Is designed sround o lalchable tmer (aq), &
EGB time digitizer {(ar) ond & CMOS clock (aD). Ths lime digitizer (ar} messures the interval
belween eny event and the nax! puise In e S-megahertz pulse traln with 100-picosecond BCCUREDY.
The letcheble timer (ag) records which pulss wes used. Tha CMOS clack (aD) eontains the time of
Gay from | sscond ta 1000 days. Tha timer (aq) ond the time digitizer (ar) are phased logether
with deley boxes lo remove tha one count uncertatnly in the time of Night, The tims latch on the
timar {aq) hes five gatesble Inputs which are sslacteble from the computer. They sre; four
external TTL-compatible inputs { s, as), andona internal, computer {riggerable inpul. The timer
{20} maintains the time slanderd from 200 menoseconts {0 ol least 53 seconds. I also has two
campuler-solectable eulputs which occur upen the coincidencs of the timer count train with a
computer-lcedable ialch; one TTL laser firing outpul (al}, end ene veriable width NI compatible
gate putse (10 microseconds nominal width} au).

Data Log Precassing: The computer permits the entry of fmerective log Information (of), the
editing of this information{on), the inciusion of internally regsneraled sols of information, and
atlows for the storege on disk{ap), or herd copy {aB) and the subsequent review of the log
information at o lster time,

The Dynamie Precess Monltoring: The dynamic processes In the system are monflored at all
times (os). These processes includs weather {og)(av), system interlocks, scaler date, clock
frequency drift (oh){aw), end the NASCOM lina (o 1) ax).

Jysiem Operster Tutoring: The system is cesigned lo tulor a ron-sophisticeled user such that
he con acoess the proper cotnmands, by answering a menu of questions at each phase (af).

initislizalion Functions: Since nearly all of the renging system dynemic processes ara under
computer conlral, a number of progrems ore nesded to aid the operater lo determing snd input
peremelers required for laser renging. These include the programs to develope Lhe lelescope
orientation parematers from slar ohservations (oe), lo Inpul, check, and convert satellite and
luner ephemerts and steller pasitions formatien ( <J,0)), 1o sat the herdwore and softwsre
clocks, o enter new clock transfer information (ok), sie coordinates (o1), and ground tergat
pasitions,

Rangs Data Processing:  Sometime afler ecquiring rangs data (om) and enlering the pertinent
log (1) informalion, the operator must generate Mles {ov,0w,0u,0v) contalning this data for use
elsewhers. The progrems which the operator invokes { on) ollow displaying (al) the oid dota,
windowing i, and trensferring it o disk (ap), lape( ay}, etc., in the sppropriate format for further
use. Inaddition, a permanent archive Copy is made of the raw data fHe (tself.

NASCOM: The computer allows the easy preparotion, ediling end sending of all slantdard NASCOM
messages including Stelus, TOR, ond Quick Look {ou). It slso monitors the line (o) a2} for
incom ing messages ond routes them Lo appropriste tolding files on the disk (ap).

Debugging: Several progrens have been writlen to facilitate debugning the herdware and softwore
unlgua to MLAS. These inciucy programs s menuatly set perameters for the CAMAC modules,
exercise the telescope drive, sxerclss the rotating mirrer 2nd stlenuster, snd fo print binary data
THes in o useful fermat. Thesa supplement a host of computer-vender supplied diagnostic programs,
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3 inputs lo Computsr

Telescope sbisolute ees encoters { op){ ag)-~from CAMAG {ak)

Talescope incremantal encadars{ op3{ a1)- -from CAMAC (ah)

Hendoaddte! oai{ sdf - - from CAMAG {aA)

User commends end response-—Trom keyboord (af)

Epocti- ~from CAMAD { sl at,ar}

Eptemeris dato{ ob,0c) for abject {star, salallite etc. )~ -from disc{ap), keyboard{af)
Sile constents- - from keybosrd { af)

Telesoons ortentation paramalers~ - from disc {ap)

Overridss, condition detectors end irderlocks to the telescope- —frem CAMAG (ah,sA)
Weather { av) information- -from CAMAC {4E)

Previous return data{ ¢ m)~-{rom magnetic tepe( ay) anddisc(ap)

Status information from guiding {ad) and datecting packeges (ag)--from CAMAC (aA)
Orbil time cosfficients- - from mansgetic tape(ay)

N~ 20D OO W —

4 Qulpule row dompuisr

Treck rolas to lalesonps sxes( aa)--through CAMAG (ah)
Pulses to each telescops axis( aa)--through CAMAC (&h)
Slew commands to the telescope( aa)}--through CAMAC {2h)
Keyboard ( &1} responses snd prompts

Display of stetistics { aT)--CRT greph

Return information--disc{ o p), tape(ay), primer{aB)
Estimated fire times (al}~-through CAMAC (aq)
Transmit/recatve control( a8)- ~through CAMAC { 2A)
Dryramic information{ or )-~TY menitor { a8}

W N AN~

S Meds of Uss

The MLRS operating system is disc resident {ap) wilh o backup system en lope (ay). Stortup is
fnitisted through a vendor-supplied cperating system (RDOS) . After system initialization, the
monttor program {os) beging o execute tn the Forground partition {ot) and the Command Line
interpreter  {CLI} Dagins lo execuls in the Background perlitien (ou) end eweils cperator
commands (al).



& Environmeni

Herdwore: The softwere syslom operstes i o computer systern configurstion which can includo

i,

IS

~en o

giy o gl of the foblovwing
Oree Mova 4X CPU with 128K 16 bil words of seml-conductor memery, power Tstl protect,
6 reai-lme clock, autematic program load, herdwore srithmetl, end flooling point
aptiona (4§}
Two 10-megabute dise subsysici, with removehle S-megsbigle cartridges (ap)
Ons 640X by 476Y point grephic/eiphanumeric CRT terminal, 6.4" by 9~ display sres,
with 75 10 9600 beud rate (9600 is used) (af)
One telephore modem, 300 baud rate, for NASCOM, RS232 (a2)
ACAMAC interfrea (aF) to o locally bulll hardwers which includes 8 CRT monitor {ae)
{or real e information displays
Ona 9-treck, 800 BP1, 10-1/2" real megnelic topa unit { ay)
Ona Nna printer { 4B)

Oparating Spslem:  The vendor -supplied oporeling syslem used is the Date General Real Tima
Disc Operating Systom (RDOS). This syslem provides softwere deivers for all vendor-supplied
peripherals. it allows the user lo comnile, pssemble and build the controlling software syatem on
tho singie compuler sustem. During resl lime aperation, e sustem handles multiple priorities of
user hardwere interrupts on e tosk orjented basis.  RDOS has been megified lecally to handle the
Fatrax displey (se)end TOF ttmers 62 systen davices { ag,ar,aD).

% fote: OnFigure a , tha symbal

i

tndicates that these devices wers desipned snd buill by MePonald Gbservatory. Other device were
" zvailable commorcialiy.
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7 Maln Ssfivers

Tha following brograms are avaiteble for routine operator usege and can be called by name by the
operaler from the system stondby stale (CU1) . Indented entrles s pregeams swepped in by lhe
previous progran,

BLOEDH ~Converis ASCH JPL Lunar and Planalary Export Ephomeris tape into
ROYA-Corapat itle binery fils

CALTDB -Detor miings 16611 timo digitizer catibration constonts,

CLEANUP -RDOS cominend f1le which cleans up Gebiri after system crash

LKoo ~Allows operator 1o scoess click data

CPYRBF ~Ceples renge dato e batween disk and lape

CYB9 ~Wrltes ilocked tapes for uss by other computers such as the C.D.C. Cybar

FIREPH ~Appifes current tHine to ephameris file for testing

FIXLEPH ~FIXEPH for lunsr ephemeris flles

FMAILER ~Creates ASCH |acer mailing lape, quick Jook, and lunar 7 & P files from windowed
renging dats

OLOGBER ~Logs satallite passag

213 ~Benerales test eghamer is for renge lests

IHTRDF ~initializes o rangs data file for { reluse

[HITSAT -Inteorates MY to produce saleilie ephemaris

RKEYCAMIAG  ~LAMAC Glegiste progranm
LMTCHECK ~Produces repertof ASCH Laser Hatiing Taps contants
LHMTOP ~Converts FMAILER binary LMT to ASCH mag tape file
LUNRANGE ~Lumar renge data scquisition program
MFORMIRY  -Reformats & vorifios checksums on raw IRYS { Goddard & UT Metric)
MOGUNT ~Telescope mount or fentation Uste acquisition & fHting
MNTGRA  ~Graphics program used by MOUNT
L3GFIT  -Least-squares Fitting pregram used by MOUNT
FIONITOR -Fereground program to monltor & update tima, clock diTferences, encoder, &
anvirenmontal informalion
MSATPATH  -Prints Hsting of saielbite positions (X ) from ephemaris file

MTAR -Returds fixed {argat positions for iater use
NBRCMP ~HASCOM messeqs numbar Comperison

_ NCEDIT ~NASCOM message editor
PRECLI =Setup progrom executed st system start-up

PREDCNTRL  -Lungr ephemeris gensratlon program

PREDICT  ~Produces intermediate luner snhemerts

TABFORM -Converts interinedisto luner ephemerts to MLRS funar format
PRNTEPH -Prints satellite pasitions ( X.Y.Rangs} from ephemeris file

READX -Read IRY formot taps

RET ~Requast for MASCOM re~{rensmission

RSCLK -Re-syncs software clock lo CAMAC CH0S clock

SATRANGE -Satstlite range dals anguisition

SENDOL -Sends Quicklonk Data messags

SITE ~ANovrs entry of site coordinates znd ecceniriclles Into system
STAT -Wriles status repert (foJos HMtllor, BFEC) onto NASCOM
TDUMp -Dumps binery JpL ephemer-is to ling printer

TBR =~Sends time bies rasert sver HASOOM

TOR ~38nds tracking observaiion ireport over NASDOM

XSHORT ~Craates short version af birary JPL ephemerss for routing use



o In eddition, the following is e list of files snd file naming canvenlions for MLRS.,

I, Satellite Renging
——————— BE -Binary 1RYs {oulpul of FORMIRY, input ta INITSAT)
——————— RC -bye-resduble recap of contents of BI file, including IRY number dale & time
——————— .EP -Ephemeris Flle (output of IMITSAT, input 10 SATRANGE)

GEMION -Geophysical and physical constants Inpul fo ENITSAT
RDFn -Renge Data File {shared w/lunar)
. Lunar Renging

LSITESPC  ~Lunsr observatory site coordinate fHle
LFEAT.PC ~Lunar surfece feature fila

LREFL.PC ~Luner refector file

LMODELPC  -Lunar mods! perameters fila
LCONTOL.PC  -ELunar contral parameters file
PROCTRL.PC -Current lunar control paramster file

——————— AE -Intermediate lunar ephameris file

——————— EP -Luner ephemeris fite {output frem PREDCHTAL, input to LUNRANGE)
R0OFn ~Renge data file (shered w/ satellite)

DE111S ~Shortened tnery JPL lunar and planstary ephemeris

1. Star Pointing
FRAPKD ~FK4 ster culalog edited and packed s a binary file
STARS -Eys-readable list of brightest sters and corresponding numbsers

1¥. NASCOM
RLGG -Recetve log; lists message number, file where placed, date/time received

& NASCOM ~Al other messags
TLOG =Trénsmit log
Y. Others

SYFILE -Station varishles files. Used by moniter and most user programs

FEATPKD ~Ground target posttion file
FILES ~List of file names and neming conventions (this Tist)
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A DESCRIPTION OF THE MT. HALEAKALA SATELLITE
AND LUNAR LASER RANGING SOFTWARE

E. Kiernan, M.L. White
Institute for Astronomy
University of Hawaii
P.0. Box 209

Kula, HI 96790

Telephone (808) 244 9108
Telex 7238459

ABSTRACT

The Mt. Haleakala Satellite and Lunar Laser Ranging System utilizes
a LSI-11/23 processor manufactured by the Digital Equipment Corporation.
The satellite and lunar software programs are written in Fortran and Macro-
1. The RSX-11M, version 3.2 operating system is used for both program deve-
lopment and real time execution. This operating system allows several programs
to execute concurrently and to interact with each other in real time by means
of global system flags ans shared regions of memory.



A DESCRIPTION OF THE
MT. HALEAKALA SATELLITE AND
LUNAR LASER RANGING SOFTWARE

1.0 INTRODUCTION

This paper describes SATCAL version 6.0, satellite laser
ranging software, and the LURE version 7.0, Tunar laser ranging software
used at the University of Hawaii, Haleakala Observatory. The SATCAL and
LURE systems consist of several programs which run on an LSI-11/23 pro-
cessor manufactured by the Digital Equipment Corporation. The processor
has 128K words of memory, the upper 2K being used for the video graphics
display. The RSX-11M operating system, version 3.2, is used to execute
the tasks and control inter-task communication and synchronization. The
SATCAL and LURE software has been written in FORTRAN and MACRO-17
languages.

2.0 SATCAL

The SATCAL version 6.0, satellite ranging software consists of
the following programs:

1. SATCAL is a small task which prompts the operator
for the desired activity, performs initializations,
and starts execution of the DESIGN task.

2. DESIGN is the main program for satellite and target
board ranging. It starts up all of the other tasks,
goes into a one-second real-time ranging loop, and
exits when ranging is done.

3. INLIZE is started up by DESIGN, and initializes the
variables needed for satellite and target board
ranging.

4, RANGE runs only during the real-time ranging cycle.
[t contains a Toop which runs N times a second, N
being a number set by the operator. N can be any
number from 1 to 10, but due to the structure of
the laser, the only numbers which can be used are
1, 5, or 10. 5 is the number used at present for
satellite ranging. RANGE fires the laser and arms
the Event Timer for the return pulse.
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5. UTIPR is the task which interfaces with the Hewlett
Packard 5370A Universal Time Interval Counter {re-
ferred to henceforth as the UTI). It contains a
Toop which is activated whenever a return pulse is
expected, up to N times per second. It reads the
UTT and arms it for the next return.

6. INTEG runs during the real-time cycle. [t contains
~a loop which is executed every 2 seconds. Every
other Toop (i.e. every 4 seconds) it integrates
the IRV vector in order to get the current azimuth,

elevation, and range for the satellite. It also
performs the necessary corrections for refraction,
mirrer offsets, etc.

7. I0PRG runs during the real-time cycle and prompts
the operator for commands such as: fire laser, re-
cord the data, etc.

8. SYSCOM is a common region which is shared by all of
the tasks. It contains constants, inter-task sema-
phores (called "event flags" by RSX-11M), and vari-
ables shared by the tasks.

9. VIDCOM is a system common region which corresponds
to the video graphics display memory. Once a sec-
cond, DESIGN writes to this region, in order to up-
date the display.

These tasks are described in detail in the following paragraphs.

SATCAL is a smal] task which is invoked directly by the operator
by the command RUN SATCAL. It initializes the dispiay on the operator's
VT100 console. It also initializes the video graphics display. It reads
the file CONFIL. DAT, which contains several SYSCOM constants, such as
current temperature, humidity, telescope tiltmeter readings, etc. CONFIL.
DAT is edited by the operator to update the appropriate values, before
the start of each satellite run. SATCAL prompts the user for the acti-
vity desired (range to a sateliite, range to the target board only,
range to the corner cube, or exit program). SATCAL starts up (i.e.,
spawns) the DESIGN task, and then waits patiently for DESIGN to exit.

It then goes back and prompts the user for the next activity.

DESIGN is the main task for satellite and target board
ranging. It starts up the INLIZE task, which initializes SYSCOM
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vaiues and prompts the operator for several parameters. DESIGN waits
for INLIZE to finish, and then proceeds to create and open the output
data file. It asks the operator if target board ranging is desired.
if so, it calls the subroutine CALIBR, which performs real-time target
poard ranging. (CALIBR is described in detail below).

After target board ranging is complete, if the operator has
requested satellite ranging, DESIGN starts up INLIZE again, this time to
compute the initial telescope positions and range for the satellite for
a time a minute or two from now. After INLIZE is done, DESIGN points
the telescope to this initial position, using the telescope's “position”
mode. It then starts up the following tasks: RANGE, IOPRG, INTEG, and
UTIPR. Then it goes into a Toop, which is executed once a second. In
this loop, during which all of the tasks are executing and performing
the necessary activities for laser ranging, DESIGN does the following:

1. Wait for an event flag to be set by the RANGE task,
and then clear it.

2. If the current time 1is less than the initial time,
then go back to step 1 and wait again.

3. Point the Lunastat, in telescope "digital rate"
mode. If using the Lurescope to receive ranges
(this is rarely done), point it too.

4. Write the previous second's data to the data file.

5. Point the dome if necessary. (Is done every 10
degrees of azimuth).

6., Every 2 seconds, set a flag for the INTEG task to
begin its Joop.

7. Every 4 seconds, take the values just calculated by
INTEG, and put them in the interpolation tables.

8. Interpolate the az, el, and range for 2 seconds
from now.

9. Update the video graphics display.

10. Go back to the first step and wait.
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This Toop will continue indefinitely until the operator has
indicated "exit" to the system via 10PRG.

At the termination of this loop, DESIGN asks the operator if
target board post-calibration is desired, and if so, calls CALIBR again.
Then, 1t closes the data file, stops the telescopes, sets several event
fiags to ensure that ail of the other tasks have stopped, sets a flag
to signal to SATCAL that it is done, and exits.

CALIBR is a subroutine cailed by DESIGN, to perform target
board ranging. It also does corner cube ranging, which is exactly 1ike
target board ranging, except that the telescope is pointed to a slight-
ly different position. CALIBR first initializes the appropriate Tocal
and common variables, points the telescope to the target board, and
starts up the tasks RANGE, UTIPR, AND IOPRG. It then enters a one-
second real-time ranging loop, which is very similar to the one in
DESIGN,

INLIZE is executed before a sate]lite and/or target board
ranging run. It calls routines which read in SYSCOM values from
various files, and other routines which prompt the operator for
ranging parameters., For satellites, it calculates the initia)
satellite position and range from the IRV vector. It corrects these
values for refraction, the mount model, and mirror offsets. It also
checks if the satellite is too near the sun, and calls sun avoidance
routines if necessary. It sets up and initializes tables which will
be Tater used by INTEG to interpolate the azimuth, elevation, and
range.

RANGE runs only during the real-time ranging cycle. It
connects to an interrupt card which provides interrupts at N times a
second. N is set by the operator, and is usually set to 5, for
satellite ranging, It executes a loop N times a second, during which
the following things are done:

1. Wait for an event flag to be set by the interrupt
card, and then clear it.

2. Fire the laser.
3. Read the time of laser fire (start diode time).
4. Compute the time &t which to open the range gate.

The range gate is opened just befere the satellite
return pulse is expected back, and closed just after.
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When the range gate is open, the return pulse can
be detected by the receive eguipment. _

5. Arm the Event Timer to open the range gate at the
proper time.

6. Calculate the predicted range for the next cycle.

7. After the range gate has been opened, set an event
flag to signal to the task UTIPR. UTIPR will read
the UTI for the range value.

8. Go back to the first step and wait.

UTIPR is a task which interfaces to the UTI. When it is first
started up, it connects to the UTI, initializes it, and arms it to re-
ceive the first satellite range. It then goes into a loop, which is
executed every time a flag has been set by RANGE. RANGE sets this flag
whenever it has gotten a laser start and is expecting a return pulse.
Therefore UTIPR's loop is executed up to N times a second. During this
loop, the following happens:

1. MWait for the flag to be set by RANGE, then clear
it.

2. Check event flags which indicate whether or not a
return range has been received. Continue checking
until we time-out, in which case we haven't gotten
a return pulse.

3. If a range has been received, read it from the
buffer.

4. If a range has been received, read the Receive
Energy Module (REM) and save this value in SYSCOM.

5. Clear out the buffer.

6. Re-arm the UTI to receive the next range.

IOPRG runs during the real-time cycle. It simply displays a
prompt on the YT100 console, and waits for the operator to type in a

command. The commands can be abbreviated. The following is a list of
the available commands. The upper case letters indicate the minimum



possible abbreviation, and the lower case letters are optional.
the actual program, the commands consist of all upper case letter).

1.

2.

11.

Fire - Start to fire the laser.

NOFire - Stop the laser firing.

Record - Record the data on the data file.
NORecord - Stop recording.

WRITEaT? ~ Write to the data file, whether or not
there have been any return ranges.

LScan - Change Lunastat scanning mode. Available
modes are:

1. PADdle - Read the paddles and calculate the
cross-track and long-bias, based on the read-
ings.

2. SPiral - Change the cross-track and the
Tong-bias automatically, in a spiral pattern.

3. TIMscan - Use the paddie readings to calculate
the cross-track and the time-bias.

4. STop - Stop the spiral.

5. Clear - Set the cross-track and Tong-bias
offsets to zero.

MLtscan - Change the scanning mode for the Lure-

scope. The modes are the same as for the Lunastat.

EXit « Stop the real-time ranging cycle.
Carriage return - same as a "nofire",
RBias - Change the range bias.

TBias - Change the time bias.

{In
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tains a loop which is activated every two seconds. Curing this Toop, il

INTEG runs only during the real-time ranging cycie. It con-

does the following:

following:

1. Wait for an event flag to be set by DESIGN,
then clear it.

2. 1f the operator is using the hand paddles to
change vector time bias, then read the paddles
and calculate the time bias.

3. Read the Analog-to-Digital Card for environmental
information, such as temperature, etc. (However,
at this writing, the A-to-D card is disabled).

Every other cycle, i.e., every 4 seconds, INTEG also does the

1. Integrate the IRV vector to 4 éeconds in the future.
2. De-inertialize the vector.

3. Modify the vector cross-track and/or Tong-bias,
either by reading the hand paddles or changing
them in a spiral pattern. (The operator selects
which mode to use for cross-track and Jong-bias
scanning).

4. Calculate the azimuth, elevation, and range for
4 seconds from now. '

5. Checks the azimuth and elevation of the sun. I[f
the satellite position is within 15 degrees of the
sun, then modify the satellite position to go
around the sun, and stop firing the laser. It is
necessary to avoid pointing the telescope directly
at the sun, since it could be destructive to the
receive equipment.

6. Correct the elevation and range for refraction.

7. Convert the azimuth and elevation from satellijte

angles to Lunastat mirror angles.
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8. Correct the azimuth and elevaition for the mount
mode].

9. Place the calculated values in the interpolation
tables.

3.0 LURE

The LURE version 7.0, lunar ranging software consists of
the following programs:

1. SYSCOM is a common region of shared memory.

2. MOON is a majin control program for lunar
ranging.

3. INITSK injtialized values in syscom.

4. POINT fires the laser and points the
telescope.

5. ETINT arms and reads the event timer.

6. I0PRG updates the video display and accepts
user commands.

7. HISTO displays residuals on the histogram.

These tasks are described in detail in the following para-
graphs.

.+ SYSCOM is a common region of memory which is shared by all of
the programs. It contains values which are used by all of the programs,
such as constants. It provides a means for the programs to pass values
to each other., VIDCOM is another shared region of memory, however, it
is only used by the IOPRG program. It corresponds to a region of the
memory which is connected to a MATROX video display card, therefore,
writing to this region will update the display.

MOON is the main program which initiates the Tunar ranging
sequence. Its first task is to start up the program INITSK. MOON
suspends its own execution until INITSK is done., After INITSK has
complieted and exited, MOON proceeds to open the output data file on
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the disk. If target board pre-calibration ranging is requested by the "
operator, the calibration routine is called. HMOON reads in the lunar

ephemeris, which is calculated by another program prior to the lunar

run, MOON uses the ephemeris to calculate an initial position and range

for the moon for a time a couple of minutes in the future. It then points

the two telescopes to this initial az and el, using "position drive” mode.

MOON now starts up the program POINT, IOPRG, and HISTO. Then, MOON enters

a software loop which is executed once a second. This loop will be re-

ferred to as the “real-time ranging cycle". So, once a second, MOON does

the following:

1. Wait for a flag to be set by the POINT program.
This flag is set once a second, to signal to
MOON that it is time to do its loop.

2. See if any lunar data has been obtained. If so,
write it to the data file.

3. If there was lunar data, also signal the HISTO
program so it can be plotted.

4, Predict the lunar position (az, el) and range,
for 2 seconds from now. This is done by inter-
polating the ephemeris values. %

5. Correct the az, el, and range for the following:
refraction, Lunastat mirror angles, and mount
model.

6. Go hack to the first step and wait.

This loop will continue indefinitely, until the operator indi-
cates that the Tunar run is over. When the Joop is terminated in this
manner,. the POINT, IOPRG, and HISTO programs all exit. MOON now will per-
form a post-cal on the target board if the operator so requests, and then
closes all of the input and output files and exits. '

INITSK, as mentioned above, is started up by MOON. Its only”
function is to initialize the values in SYSCOM. It obtains these values
from user input and several disk files,

POINT is a program which runs only during the real-time ranging
Toop. It starts up the ETINT program, then enters a loop which is exe-
cuted 5 times a second. This Joop does the following things:
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ETINT is a small program which runs only during the real-time
cycle. It is active only when a return range is expected during the 200
Therefore, it usually runs b times a second.
When the flag is set, it arms the Event
After the range has been received, it
processes the Event Timer readings and places the results in a buffer.

millisecond cycle,
waits for a flag from POINT.
Timer for the expected range.

Wait for an interrupt to come in from the in-
terrupt card., The card is connected to the
Cesjum clock, and can be programmed to give an
interrupt at 1 to 10 times a second.

If the range gate is open, wait until it is
closed. This is done to avoid any possible
conflicts between the laser fire and the Tunar
return coming back, since the same event timer
is used for both events. The range gate is
usually open for 1 microsecond.

If the "laser fire" flag has been setf to "Yes"
by the operator, fire the laser and read the
start time.

If there is a return coming in during this
cycle, send a signal to the ETINT program.

Once every 5 cycles, (or once a second) point
the telescopes. The current position of the
telescope is compared against the position at
which it should be in one second, and the cor-
responding rate command is sent to the tele-
scope.

Once every second, set event flags to start
up the MOON and TOPRG programs.

Calculate whether or not a return is coming
in during the next cycle.

Go back to the first step and wait.

It then goes back and waits for another flag from POINT.

I0PRG only runs during the real-time cycle.
once & second by the POINT program.

It

It is activated
it updates the video display, which
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contains current values for az, el, range, time, number of data ob-
tained thus far, and other values useful to the operator. IOPRG also
interacts with the operator at the console, accepting the various
commands such as fire the laser, stop firing, exit from the lunar run,
etc.

HISTO is activated only when the MOON program has determined
that some lunar data has been received. Therefore, HISTO runs once a
second or less. It takes the residual values (Observed range minus
Calculated range) and plots them on the histogram display. This pro-
vides real-time feedback to the operator, since many returns in the
same bin of the histogram would indicate possible lunar ranges.

4.0 DISCUSSION

The LSI-11/23 with 128 kilowords of memory using the RSX-11M
operating system has proven adequate for satellite and Tunar laser rang-
ing at 5 p.p.s. However, due to the somewhat elaborate executive over-
head of the RSX-11M operating system, program execution timing conflicts
can arise on lower orbit satellites such as Starlette and BE-C.
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ABSTRACT h

The Division of National Mapping in co-operation with NASA have under-
taken an upgrade of the National Mapping ranging facility to enable Satel-
Tite Laser Ranging as well as a Lunar Ranging to be performed at the site.
Because the new system was to be so dramatically different from what existed,
this upgrade provided a unique opportunity to design from basics a complete
integrated system to fulfil this dual role. This paper provides a brief out-
Tine of the ranging system hardware used and an overview of the software sys-
tem to control it. It should not be taken as a recipe for instant success or
necessarily the best way but as an outline of the approach taken by National
Mapping to achieve the goal of routine high accuracy ranging.
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AN OVERVIEW OF THE NLRS RANGING SOPTWARLE

Introductiion

The Division of National Mapping in co-operation with NASA have undertaken
an upgrade of the Natiomal Mapping ranging facility to cnable Satellite
Laser Ranging as well as a Lunar Ranging to be performed at the site.

Hecause the new system was to be so dramatically ditfferent from what
existed, this upgrade provided a unique opportunity to design From basics
a complete integrated system to fulfil this dual role,

This paper provides a brief outline of the ranging systoem hardware used

and an overview of the software system to control it. It should not be

taken as a recipe for instant success or necessarily the best way but as
an outline of the approach taken by National Mapping to achieve the goal
of routine high accuracy ranging.

Ranging System Hardware.

Telescope and Telescope Control:

The telescope is a 60 inch clear aperture Cassegraln telescope
mounted in an X-Y contiguration. The telescope control
electronics consists of a Contraves-Goerz MPACS system with an
absolute encoding system providing a resolution of 0.36 arc
seconds. The telescope's position can be read under computer
control and it can be driven in both position and rate modes.

The MPACS system is interfaced to the computer system through a
locally designed and built interface (MPACS Interface).

Automated dome control is implemented by means of this interface
together with a guiding handpaddie which provides a manual offset
of the computed telescope position. Four push buttons provide
long and cross track corrections for satellite ranging. These
same push buttons provide X and Y corrections when used for
Flexure Mapping of the telescope. Incorporated in the Handpaddle
is an 'on target'! switch which is also used for IFlexure Mapping.



Laser Ranging Controller:

The NLRS uses epoch determination rather than time interval
measurements for establishing the time-~of-flight. Coarse cpoch
consisting of days, hours, minutes, scconds and decimal seconds fo
the 100 nanosecond level is obtained from a tocally designed and
built Laser Ranging Controller. Fine resolution epochs to ten
picoseconds are obtained by merging the coarse cpoch with readings
taken from 2 Lecroy 4202 Time to Digital converters which are
controlled by the same pulses as the Laser Ranging Controller's
clock. The Lecroy modules are housed in a standard Camac crate.

The LRC provides a) the Range Gate function for the system; b) in
conjunction with a Hewlett Packard 5359A Time Synthesiser two
software selectable off-line system calibration modes; ¢} a T/R
system monitor; d} a Station Clock which can be used under
computer control to determine epochs of selected events other than
ranging operations together with Laser Control, Diode/PMT gating
logic and the necessary computer hardware interface.

CAMAGC Crate:
A standard CAMAC crate is used to house the following modules:
a) Kinetic Systems crate controller
b} Locally developed computer Interface
¢} Dataway display module for diagnostic purposes
d) Discriminator and Logic modules for Timing System
e} Lecroy 4202 TbC modules \
f) T/R stepping motor controller
g) A/D Converter module for Metecoralogical system.
Transmit/Receive System:
A T/R system of the same design employed by the Mchonald
Observatory MLRS is used in the NLRS. A spinning disc mirror with
2 diametrically opposed holes is used to switch the optical path
between laser transmission from the telescope and returning signal
into the PMT. A spinning 'dog-bone'! is uscd as a protective
shield for the PMT. The mirror disc and the 'dog-bone' have to be
synchronised and rotated at the same spesed for system operation.
Locally developed hardware is used to detect that the T/H system
is in position for the Laser to five. This is used in conjpmetion

“with a master Laser Enable signal gencrated by the computer
through the LRC to fire the laser.



The T/R system is controlled by the computer via a module in the
CAMAC crate,

Computer Hardware:

There are two Hewlett Packard A-Series compurers on sirte.

The Ranging is currently run on the A-700 system which is
configured with tMb of memory, hardware floating point, O5Mb
Winchester disc drive, 400 1pm printer, 1000 BPI magnetic tape
drive, graphics VDU, system console VDU.

The second system comprises an A-900 system with [|.5Mb memory,
hardware floating point, [32Mb Winchester disc, 10600 BPL magnetic
tape drive, 200 LPM printer, 2 graphics VDl's and a system console
viu.

All non-standard peripherals on both systems are interfaced using
Hewlett Packard (0 bit parallel interface cards. Although Hewlett
Packard supply a software driver for this card our approach has
been to develop our own. This has allowed us to customise the
drivers and provide a means whereby the complexity of the hardware
control and interrupt routines are removed from the actual ranging
and utility programs.

Both computer systems run the standard Hewlett Packard RTE-A Real
Time operating system which iz unmodified in any way. The
relevant software drivers for the locally developed hardware
interfaces are 'generated' into the system and these devices are
accessed from then on as any other standard peripheral using high
level language calls.

All locally developed drivers are written in Assembler language
(H.P. MACRO). The Ranging software and all other utility software
Is written in FORTRAN 77.

Ranging System Software

Satellite Prediction System:

The NLRS prediction software is based on that used at McDhonald
Observatory. Bphemeris data arrives at the site on magnetic tape
in the form of daily IRV's for about a 6 month pertod. They are
read from tape and stored in a variable record length disc file.

As required pregram FORMIRV is run against this disc file to
create a random access binarvy file or TRV's to cover the desired
pertod. FORMIRV performs checksum verification and the necessary
reformatting. It is capable of accepting IRV data from either
Goddard or U. of T. Experience at the McDonald site leads us to
believe that the U. of T. IRV's have a better long term stabiiity.
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Periodically the SATPREDICT program is run to produce an ALERT

file for a poriod as well as o PREDICTION file for cach satellire

pass where the satellite will rise above a 20 degree horizon.

Data in the prediction file consists of a file header containing

the relevant IRV from which it was generated, daily rime bump &
information as supplied by the network (UL of T.) and for every '
I minute point in the pass a satellite position in Azimuth,

Elevation and Range.

Operator inputs to program SATPREDICT are:

a}

b

c)

d)

e)

File name of checked daily IRV's
Starting date and number of days predicts required

Whether program can expect a new IRV for cach day's processing
or has to extrapolate from only one IRV

Whether PREDICT files are required

Whether an ALERT file is required.

Where there is a missing IRV the program can extrapolate across

the gap.

Ranging Software: "
The Ranging system.comprises 3 separate programs, INITIAL, RANCGE -
and CLEANUP.

Program INITIAL performs the following sequence of operations:

a) Initialise the inter—program communication memory area.

b) Access the ALERT's file to determine which pass is the relevant
one, obtain the name of the PREDICT file and create and initialise
the observation data file.

¢) Read in from a disc file the current flexurc parameters for the
telescope.

d) Obtain the current weather parameters from the meteorological
system.

e) Loop through the PREDICTION file data applying refraction
corrections to predicted elevation and range; azimuth corrections
for dome positioning; corrections for X-Y axes offset and optical
path lengths to system fundamental point; corrections for
telescope flexure.

“f) Store in the inter-program communication area the corrected
prediction data together with all other default parameters such as
al

range gate window width, firing repetition rate, real time display
parameters etc.
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Program RANGE is the actual data acquisition program. It is
basically a supervisory program which directs the various hardware
systems to perform the requested actions in a sequential fashion.
This sequence is as follows:

a} Initialise all hardware modules, position dome tor start of pass.

b} Synchronise T/R stepping motors.

¢) Initialise real time display.

d) Verify all variable parameters with user.

e¢) Ramp up the T/R system to require repetition rate.

f) Determine theoretical telescope and dome positions. Output them
to MPACS. Wait 100msec then read in telescope position from
MPACS. Evaluate new theoretical position and calculate error
vector. If error vector is less than 0.02 degrees then proceed
otherwise repeat this step.

g) Issue the Master Laser Enable signal to the LRC.

h) Read in from the LRC and CAMAC timing modules the epoch of the
laser diode pulse and PMT calibration pulse.

i) Evaluate predictions for theoretical range.
j) Output Range Gate Epoch to LRC.

k) Read in from MPACS the current telescope position, time and
handpaddle data.

1) Determine theoretical position, drive rates and dome azimuth.

m) Calculate actual drive rate for ensuing period by adding in to
base rate corrections for handpaddle.

n) Output pointing information to MPACS.
o) Read in current weather details from CAMAC module.

p) Read in from the LRC and CAMAC timing modules the epoch/s of
returning photons.

q) Calculate and display Residuals on real time display.

r} Journal data to disc file.



361.

Steps (h) through (r) are repeated for the duration of the pass.
The system can be halted atv any time to enable the user to vary
such things as fiving rate, range gate window width, range gatve
offset, real time display parameters and also to display a
histogram of the current recal time calibration data. UOnce this is
done control goes back to step {(h) and ranging is resumed.

The one minute IRV's held in the inter-program communication area
are interpolated using Bessel's Centralt-Difference Formula of
degree 5 to provide theoretical range at step (i) and telescope
position and dome azimuth at steps (f} and (1).

Steps (h) and {p} are the only ocrasions when the software system
has to wait for a hardware interrupt from an external device.

Program CLEANUP is true to its name. Essentially it filters the ranging
data and reformats it to make up the QUTCKLOOK, MATLING and ARCHIVING
files. Tt operates in the following manner:

Low noise passes

Three iterations of a two step strippiag process are employed on
each 1 minute block of returns. The two steps are:

a}  Residuals are histogrammed (at a bin width of 6 nanosecconds on
the Cirst iteration an 172 sigma on subsceguent itcrapiuus). The
highest bin is determined. Data in bins of heitght lTess than a
neminated fraction {typically 25%) of this maximum are rejected.

b) A straight line is fitted through the remaining residuals.
Results more than 3 standard errors away are rejected.

In practice this procedure converges satisfactorily and the tinal
histogram has a reasonably normal distribution out to 3 sipma.

The standard error is often 0.3 nanoscconds and 67 - 830% ot all
data points are accepted.

High Noise Passes

A preliminary estimate of the starting point and slope of the real
trace in the first minute of the data has to be obtained from the
real time ranging display. All data points more than 32
nanoseconds away from this line are then stripped out. The low
noise procedure outlined above is then performed. The resulting
straight line is then used as the reference for the next 1 minute
of data.

Future Development

The system described is the satellite ranging software system. For Lunar
ranging the same concepts - indeed almost the same programs - are being
used. The inter-program communication area will be expanded to hold data
for the several lunar targets, some of the internal loops of program RANGE
will need to be modified to allow for multiple photons in flight and the
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user will be given the ability to switch from cone target to the other
without having to reinitialise the system. The hardware will require no
modification nor will the software drivers that interface them to the
computer. It is intended to include into the system one or two video
monitors for the real time display instead of using the graphics VDU,
This will enable the display of both residuals and calibration
simultaneously.

Conclusions

The Hewlett Packard computer system used has proven adequate. Once an
integrated hardware/software design for the system was reached both
streams were able to procesd in parallel. The ability to 'hide' the
complex hardware control within the operating system makes the high level
code easy to write and maintain. If software drivers need to be changed
then a new system has to be generated but since this takes on average half
an hour it is not seen as a problem. It facilitates the testing of
individual parts of the system using various locally written high level
utility routines which proved extremely helpful in the debugging phase of
the project.

Une of the main design aims in the sof'tware has been to make the svstem
user friendly to the extent that specialists are not required tor the
routine operation of the site. Por satellite ranging this goal has been
achicved and National Mapping's Laser Ranging System is now in full
production.
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